It is generally recognized that the vertical horopter has a backwards tilt such that it passes through the fixation point and a point near the feet of the observer. The basis of the tilt has been attributed to either a shear in binocular retinal correspondence along the vertical meridian or the presence of cyclovergence eye movements. In an attempt to determine empirically the mechanisms underlying the tilt of the vertical horopter, retinal correspondence along the vertical meridian was investigated as a function of viewing distance. In addition, binocular measurements of torsional eye position were made in the same observers under similar viewing conditions. The vertical horopter was determined using two criteria. In the first instance, increment depth discrimination thresholds for both crossed and uncrossed disparities were measured as a function of retinal eccentricity along the vertical meridian, up to 5°superiorly and inferiorly, and the horopter was defined by the region in space which had the lowest stereo-threshold. Secondly, subjective alignment of dichoptically presented nonius lines defined the horopter by identical visual directions. Both criteria were used to determine the horopter at 2 m while only the criterion of identical visual direction was used at the nearer distance of 50 cm. The vertical horopter showed a backwards tilt that decreased from an average of about 12°at 2 m to 3°at 50 cm, with some variability between observers. Torsional eye position did not change significantly between fixation distances. These results confirmed the geometric relation between the backwards tilt in the vertical horopter and fixation distance and support Helmholtz's original contention that the tilt is a consequence of a shear in retinal correspondence in the vertical meridian.
Introduction
Whilst many studies have measured the longitudinal horopter (for reviews see Ogle, 1950; Shipley & Rawlings, 1970) , there have been few empirical studies of the vertical horopter. This fact is perhaps not surprising, considering the horizontal separation of our eyes and its importance for binocular vision (Bishop, 1987) . However, the determination of the vertical horopter presents unique theoretical and empirical problems that are important in understanding binocular vision. This study presents the results of experiments aimed at resolving two controversies regarding the vertical horopter: (1) the extent of the backwards tilt of the vertical horopter as a function of viewing distance and (2) the influence of torsional eye movements on these results. Helmholtz (1962) proposed that for symmetric convergence, the vertical horopter is a line in the median plane that exhibits a backwards inclination with the top away from the observer, the extent of which varies as a function of fixation distance. He based his theory on measurements that revealed the subjective vertical retinal meridian in each eye was rotated slightly temporally, while the principal horizontal meridians were found to be almost perfectly parallel, suggesting a shear in retinal correspondence in the vertical meridian. However, Helmholtz's finding of an angular deviation (declination angle) between the two apparent vertical meridians was not universal (e.g. Hering, 1942) and his results have been attributed to individual subject variation and torsional eye movements (LeConte, 1869 (LeConte, , 1881 Stevens, 1906; Hering, 1942; Ogle, 1950; Shipley & Rawlings, 1970; Amigo, 1974) . Nevertheless, while Helmholtz did not directly determine the vertical horopter, empirical studies that did lend support to his proposal of a backwards tilt in the vertical horopter (Meissner, 1854; Claparede, 1858; Amigo, 1974; Nakayama, 1977; Cogan, 1979; Cooper & Pettigrew, 1979) . However, the magnitude of the tilt and, hence, the declination angle between the two corresponding vertical meridians was rarely the same as that suggested by Helmholtz (cf. Amigo, 1974; Nakayama, 1977) . Amigo (1974) studied the vertical horopter using a criterion of equal apparent distance for fixation at 3 and 1 m. In agreement with Helmholtz's theory, Amigo (1974) found that observers required increasing uncrossed disparity for locations in the superior field and increasing crossed disparity for locations below the fixation point, in the inferior field. In addition, Amigo showed that when the fixation distance was changed from 3 to 1 m, the slope of the line describing disparity of the test spot as a function of eccentricity, increased, indicating that an increase in the declination angle had occurred. Amigo (1974) inferred that, accompanying the decrease in fixation distance was a slight excyclovergence eye movement (i.e. outward rotation of the eyes around the visual axes), which explained the increase he found in the declination angle.
In order to test Helmholtz's theory, that the backwards tilt of the vertical horopter varies geometrically with fixation distance, we made a psychophysical investigation of the vertical horopter as a function of fixation distance. The single study that we are aware of on this issue (Amigo, 1974 ) is difficult to interpret as torsional eye position was not directly measured. According to Helmholtz's theory of the vertical horopter (Helmholtz, 1962) , we hypothesised that the horopter would lie behind the vertical plane that passes through the fixation point and orthogonal to the horizontal plane containing the lines of sight, for eccentricities in the superior field, and in front of that plane for eccentricities in the inferior field. The criterion of identical visual direction, a measure of the horopter based on the geometric principles of visual direction (Ogle, 1950) , was used to determine the vertical horopter (henceforth called the nonius horopter) for fixation at 2 m and 50 cm. For comparison, we also determined the locus of points defining the horopter of maximal stereoscopic acuity (Ogle, 1950; Nelson, 1977) (henceforth called the stereo horopter). Increment depth discrimination thresholds were measured for retinal eccentricities up to 5°, superiorly and inferiorly, in the median planes of two observers for fixation at 2 m. Such a stereo horopter has not been studied in detail (but see Blakemore, 1970; Siderov & Harwerth, 1995) and, to our knowledge, never along the vertical meridian.
Changes in torsional eye position are known to accompany convergence (Hermans, 1943; Allen, 1954; Helmholtz, 1962; Allen & Carter, 1967; Hering, 1977; Nakayama, 1983; Mays, Zhang, Thorstad & Gamlin, 1991; but cf. Enright, 1980) . Therefore, in the second part of this study, torsional eye movements were measured binocularly, under similar fixation conditions as in the psychophysical experiments. In this way we could determine the influence of torsional eye position on the psychophysical measurements of the horopter. An abstract of the results of these experiments has been published (Siderov, Harwerth, Bedell & White, 1992) .
Methods-part I
2.1. Psychophysics 2.1.1. The stereo horopter 2.1.1.1. Apparatus and stimuli. The stereoscopic stimuli were generated using a PC based, video haploscope system (Siderov & Harwerth, 1993a) . The stimuli were bright vertical bars of constant width (15 arc min) and variable length displayed on a single, high-resolution video monitor. Observers, while wearing an electro-optical shutter device, were presented with a flickerless image of the stimuli to each eye. Some interocular crosstalk may occur with this type of display; however, the fast switching time of the shutters (2.5 ms) reduced the crosstalk at a minimum to a contrast ratio of 100:1. The crosstalk did not interfere with the stereothreshold measurements.
Increment depth discrimination thresholds were measured at the fovea, and eccentricities of 2.5 and 5.0°, in the median plane, in the superior and inferior visual fields of two observers.
The contrast of each bar stimulus was defined as: (L peak − L mean )/L mean (i.e. Weber contrast), where L peak refers to the maximum luminance of the stimulus and L mean the average luminance of the display. At each eccentricity tested, contrast of each bar stimulus was held constant at five times the contrast detection threshold for each observer. The mean luminance of the display was 46 cd/m 2 ; however, in the open state the transmission of the electro-optical shutters was 30%, reducing the effective luminance of the screen accordingly. The stimuli were presented in the middle of the screen, one above the other and separated by a narrow gap. The gap width and stimulus lengths were empirically determined to optimize stereo-thresholds at each eccentricity. Beginning with the fovea, thresholds were obtained at only one eccentricity at a time and only when sufficient data were collected at one eccentricity were thresholds measured at another.
Binocular disparities of the test stimuli, with a resolution of 1.03 arc s, were produced by a programmable delay of the horizontal sweep for the image of one eye. Pedestal disparities of the reference stimuli, with respect to the plane of the monitor screen, were produced by introducing pixel offsets in the location of each eye's view of the stimuli. Pedestal disparities of 0 (at the plane of fixation), 4.8, 10.3 and 20.5 arc min in both crossed and uncrossed disparity directions were used. Pedestal disparity was constant during any one run and quasi-randomly varied between runs. The position of the test stimulus was jittered horizontally, from trial to trial through a range of915 arc min to deter the observers from using dichoptic width cues that may have been present when the stimuli appeared diplopic. However, the stimuli almost always appeared fused, even under the 20.5 arc min pedestal disparity condition, and, as a result, the influence of dichoptic width cues was minimal and observers based their responses purely on stereoscopic depth perception (McKee, Levi & Bowne, 1990; Siderov & Harwerth, 1993b) .
The video monitor screen subtended 4.9× 3.9°at the 2 m test distance and was surrounded by an opaque mask with approximately the same color and luminance as the video screen at its mean luminance. Observers maintained binocular fixation at the plane of the screen by monitoring the relative positions of the images of a pair of vertically aligned, red LEDs, optically projected either onto the center of the screen or onto the surface of the mask. The LEDs, which were flickered in synchrony with the electro-optical shutters, were seen as a pair of nonius dots. Observers were asked to fixate in between the two nonius dots (separated by 0.5°) and to keep them in vertical alignment. For non-foveal testing, the LEDs were imaged onto the surface of the mask and care was taken to position the mask so that it lay in the same plane as the central portion of the video screen, where the stimuli were presented. Between trials the luminance of the monitor was reduced to about 1 cd/m 2 to ensure that the nonius dots were clearly visible when they were imaged onto the monitor screen. The change in mean luminance with stimulus onset did not measurably affect our data. Control experiments performed under the same paradigm, but without the luminance change, resulted in no difference in thresholds. The ambient laboratory lighting was kept low but the mask surrounding the monitor screen was visible and provided a peripheral fusion lock.
2.1.1.2. Procedure and data analysis. Observers were positioned directly in front of the fixation markers by means of a chin cup and forehead rest, so that during each trial the midpoint of the distance between the two LED images and the observer's eyes was in the same horizontal plane. For non-foveal testing, the video monitor was moved either up or down and positioned at the appropriate height for the eccentricity required. Care was taken to ensure that the plane of the monitor screen was always in the objective fronto-plane, parallel to the observer's fronto-plane. This procedure ensured that the observer's gaze remained in the same, straightahead position for all eccentricities. The psychophysical method used a single-exposure, forced-choice paradigm. Stimuli were presented for 150 ms at a self-paced rate by having observers press a response button when they were ready to initiate a trial. Observers determined whether the lower test stimulus appeared in front of or behind the upper reference stimulus and responded using a response button. Auditory feedback was given for correct responses. Stereoscopic depth discrimination thresholds were obtained using an adaptive staircase procedure which converged onto a 79% correct performance level (Levitt, 1971) . In total four, randomly interleaved staircases were run at each pedestal, two for crossed disparity stimuli and two for uncrossed disparities. The first two reversals were discarded and the mean of at least nine reversals was taken as the threshold for each disparity direction. Each of the data points represents the average of at least two runs weighted by the inverse of the variance. The error bars represent9 1 S.E. reflecting the larger of the within-run and between-run variance (Klein, 1992) .
To obtain an objective estimate of the location of the stereo horopter, the increment depth discrimination data were fit, simultaneously, for both crossed and uncrossed pedestal disparities, with two lines on logarithmic-linear axes (i.e. two exponential functions) of the form:
where Th is the increment depth discrimination threshold, Pe is the pedestal disparity, K 2 and K 3 are the slopes of the two exponential functions, and K 0 and K 1 the pedestal disparity and stereo-threshold respectively, where the two lines intercept. Increment depth discrimination data for either crossed or uncrossed pedestal disparities are well described by a single exponential function (Ogle, 1953; Blakemore, 1970; Siderov & Harwerth, 1993b , 1995 . Where appropriate, statistical analysis of the data was performed using the Statistical Analysis System for PC (SAS™ version 5, SAS Institute, Cary, NC). IGORPro™ (Wavemetrics, Lake Oswego, OR) was used for the fitting routines.
Two observers, naive as to the purpose of the experiment, participated. Both had excellent clinical stereopsis (20 arc s at 40 cm, tested with the Randot™ Stereo Test), visual acuity of at least 6/6 (in each eye), no significant heterophoria or refractive error and no detectable ocular pathology. Approval of the experimental protocol for this research was obtained from the University of Houston Committee for the Protection of Human Subjects.
The nonius horopter
2.1.2.1. Apparatus and stimuli. The stimuli were thin, bright, vertical lines shown against a dark background. They were generated with the same system as in the stereopsis experiments. However, the video haploscope was not used because the flicker of the electro-optical shutters interfered with the flickering required of the nonius line stimuli and, instead, the stimuli were presented dichoptically using polarising material. Two polarising filters (99% polarising efficiency) were mounted over the front surface of the video monitor. The filters were arranged so that when an observer wore orthogonally oriented polarising filters, the top half of the video monitor was seen by the right eye and the bottom half by the left eye. The luminance of the stimuli was 65.7 cd/m 2 but the filters allowed about 25% light transmission. Nevertheless, the stimuli were displayed at a fixed, high contrast well above the detection threshold.
Relative offsets of the nonius lines were produced by pixel changes in the location of the stimuli (1280 displayable pixels). At the 2 m viewing distance resolution was 0.34 arc min while at the 50 cm viewing distance it increased to 1.37 arc min. The length of the lines was about 2°, the width was about 2 arc min, and the gap between the lines was held constant at 10 arc min at both distances. Previous work has shown that alternately flashing the nonius lines creates a percept of apparent motion and makes the alignment task easier to perform (Flom, 1957; Nakayama, 1977) . Consequently, the nonius lines were flashed on and off, alternatively, with an inter-stimulus-interval of 200 ms.
The screen was surrounded by an opaque mask, similar to the one used in the stereopsis experiments but subtending 2.9× 5.4°at 2 m and 11.5× 20.9°at 50 cm. As in the stereopsis experiments care was exercised in positioning the mask so that for the peripheral retinal locations, the plane of fixation always coincided with the plane of the stimuli. A small, red laser spot served as a fixation point. There was no ambient lighting and only the fixation spot and stimuli were visible.
Procedure and data analysis.
The psychophysical measurements of subjective alignment used a method of adjustment and observers were given sufficient practice to familiarise themselves with the task and the procedure. The task required the observer to align the nonius lines starting from a lateral offset value for which the top line clearly appeared to the left or right of the bottom line. This range was then progressively decreased (using a bracketing procedure) until the observer could no longer say whether the top line was to the left or right of the bottom. The alignment of the two lines was then refined based on the most vivid perception of the motion effect described earlier. Alignment of the nonius targets was performed at a number of eccentricities in both the superior and inferior visual fields in the median plane of each observer at two fixation distances (2 m and 50 cm).
The arrow keys on the computer keyboard controlled the lateral movement of the lines. Two grades of movement were available, coarse and fine. The fine grade moved each line horizontally by one pixel while the coarse grade moved each line by either 10 or 20 pixels depending on the eccentricity tested. A run comprised ten trials (although in a few instances runs comprised five trials) and the results of at least two runs were averaged to obtain the threshold. A control condition was also performed on two observers at the 2 m fixation distance. In this condition, observers did not wear the polarising filters so the line stimuli were viewed binocularly and not dichoptically. Under these circumstances there would be no expectation of a progressive increase in the constant error of alignment with eccentricity.
Four observers, all naive as to the purpose of the experiments, participated; including the same two observers as in the stereopsis experiments. All four observers had excellent stereopsis (20 arc s at 40 cm, tested with the Randot™ Stereo Test), visual acuity of at least 6/6 (in each eye) without an optical correction, no significant heterophoria or refractive error, and no detectable ocular pathology.
Methods-part II

Eye mo6ements
Apparatus
Torsional eye positions were measured using the three-dimensional scleral induction coil technique described originally by Robinson (1963) , and subsequently modified by Collewijn and his colleagues (Collewijn, Van der Steen, Ferman & Jansen, 1985; Ferman, Collewijn, Jansen & Van der Berg, 1987a; Ferman, Collewijn & Van der Berg, 1987b) . The generation of the appropriate magnetic field, consisting of horizontal and vertical components in spatial and phase quadrature (frequency of 20 000 Hz), and the measurement of eye position, was performed using an Eye Position Meter (3000) from Skalar Instruments, Delft.
Calibration
Calibration and investigation of cross-talk artefacts was done with a custom-made, plastic calibration eye. During calibration, the plastic eye was positioned in the center of the magnetic field with the aid of a sighting device. When mounted on the calibration eye the search coil could be rotated through known angles around the three axes of Fick (Alpern, 1962) . A number of search coils were calibrated and all but one gave the same results. The one coil that differed was removed from the study. Small translational movements of the plastic eye (amounting to the range of interpupillary distances of the observers) did not affect the calibration results and, therefore, the magnetic field was deemed homogeneous within this area. One search coil was studied in detail and a linear calibration curve obtained from the results. These data were used in subsequent calculations of eye torsion. Calibration was repeated for a number of the search coils, periodically, between observers, with no change in the results. The noise in each coil's output was determined as the standard deviation of the voltage output when the plastic calibration eye was stationary. This value did not change, irrespective of translational or rotational changes in the orientation of the search coil in the magnetic field, and was used later in the data analysis. After calibration, each search coil was evaluated for cross-talk artefacts. The cross talk between the horizontal or vertical and torsional eye position channels varied, depending on the coil, and ranged from about 3% up to a maximum of 5%. Most of the cross talk in the torsion channel occurred for changes in vertical gaze position of the coil. Cross talk between the vertical and horizontal eye position channels was 2% or less.
To overcome the potential sources of error from cross talk, coil misalignment artefacts (Ferman et al., 1987a ) and uncertainty about each observer's primary gaze position, the following strategy was implemented. Torsional misalignments of the two eyes were considered negligible for horizontal eye movements with fixation at 3 m. Therefore, fixations at this distance were used as a zero reference and any torsion measured during fixations at 3 m was attributed to deviation from true secondary gaze positions or artefacts from coil misalignment or cross-talk. For each nearer fixation distance, the torsion measured for the right eye during symmetrical convergence was corrected by subtracting the torsion measured when the right eye was in the same position of duction during asymmetrical convergence at 3 m. Similar corrections were applied separately to the torsional data for the left eye This correction procedure was used for each observer individually and at all fixation distances used (2 m, 1 m, 50 cm, 35 cm).
To ensure that symmetric convergence was obtained a special fixation device was created. The sighting device was used to align the center fixation point at each fixation distance so that it appeared in the middle of the sighting device aperture. This procedure effectively aligned the point midway between the observer's eyes with the central fixation point and ensured symmetric convergence at each distance. The laboratory was well lit and all of the fixation stimuli were readily visible.
Procedure and data analysis
Torsional eye positions were measured in both eyes, simultaneously, in the same four observers that participated in the nonius horopter experiments described earlier. Observers were seated within the field coil frame and carefully positioned in front of a fixation device as described above. Head movements were minimised using a chin cup and forehead rest in the same way as in the psychophysical experiments. One drop of a topical anesthetic (0.5% proparacaine hydrochloride (AkTaine), Akorn, Abita Springs, LA) was placed in each eye and the search coils were inserted and manipulated to ensure a tight fit. Observers were asked to refrain from blinking during a fixation and to blink, if necessary, only during changes in fixation. All sessions began with the observer looking at the center fixation point at 3 m. Each run comprised fixations at each distance (3 m, 2 m, 1 m, 50 or 35cm). Each point at each distance was fixated twice during a single run usually for about 5 s. Data from two runs were obtained in one session. Video recording during each session monitored the observer's eyes with the search coils in place. This was done primarily to observe and record blinks and unintentional horizontal eye movements for later evaluation.
A customised data acquisition program, running on a PC, was used to collect and store the data. Data were obtained at a sampling rate of 20 Hz (50 Hz for observer HB), using two channels of an eight channel A/D converter and placed in files for later off-line analysis. The overall resolution of the system, including A/D conversion, was about 2 arc min. A multiple resistor switch was connected to a third channel on the A/D converter to signal when the observer was instructed to change the position of fixation at each viewing distance.
After completion of an experimental session, the raw data were plotted as traces of eye position versus time and compared to the video recordings. After the data were transferred to a spreadsheet, unwanted data corresponding to blinks or unintentional eye movements were removed. In order to minimise the influence of a hysteresis effect following saccades (Enright, 1986; Ferman et al., 1987b) , only data obtained one second after completion of a change in fixation were included in the analysis.
Results-part I
Psychophysics
The stereo horopter
The increment threshold depth discrimination data for the two observers are shown in Fig. 1 . In each panel, stereo-threshold, on logarithmic axes, is plotted against pedestal disparity on linear axes. There were no significant differences, across pedestal disparities, between thresholds for crossed and uncrossed disparities (repeated measures ANOVA (Keppel, 1982) , P \0.05), consequently each of the data points represents the average of the crossed and uncrossed thresholds at each pedestal disparity. The solid, dotted and dashed straight lines are the exponential fits to the data described in the Methods for foveal (triangles), 2.5 (circles) and 5.0°(squares) eccentricities, respectively. The top panels show the foveal data plotted with data for the two superior eccentricities (open symbols) and the bottom panels, the same foveal data plotted with the data for the two inferior eccentricities (solid symbols). Increment depth discrimination thresholds increased as a function of pedestal disparity and retinal eccentricity, with about the same change occurring in both crossed (convergent) and uncrossed (divergent) pedestal directions. The stereo horopter, defined by the points at the minima of the exponential fits, lies close to the vertical plane passing through the fixation point. a Also shown are the backward tilts of the vertical horopter calculated using the formula: tan =(PD/f ) tan i, where is the total angle of declination of the images in each eye, PD is the interpupillary distance, f is the observation distance and i is the angle of tilt of the vertical horopter in the median plane (Ogle, 1950) .
The nonius horopter
b To obtain the horopter tilt in degrees each slope value should be divided by 60. Table 1 lists the declination angles and the corresponding backwards tilt of the vertical horopter for each observer at each fixation distance, and the average across all four observers. Comparisons of the slopes of the lines between fixation distances, using a straight line regression model analysis, revealed no significant differences for any observer or for the averaged data (P\ 0.1). Therefore, the declination angle between corresponding vertical meridians did not change with fixation distance from 2 m to 50 cm, suggesting that either there was no net change in torsional eye position or that any change was compensated for by a change in retinal correspondence. Results of the control condition performed on two observers, where the nonius lines were viewed binocularly and not dichoptically, showed that under binocular viewing conditions observers did not exhibit a constant error of misalignment of the line stimuli.
Results-part II
Eye mo6ements
The mean change in torsion averaged across the four observers is plotted as a function of convergence on linear-linear axes in Fig. 3 . Excyclovergence is depicted as a positive number for the left eye (solid symbols) and a negative number for the right eye (open symbols). The error bars represent9 1.0 average S.D. The fixation distances of 2 m, 1 m, 50 and 35 cm corresponded to convergence angles of 1.8. 3.7, 7.3 and 10.4°, respectively (assuming an interpupillary distance of 64 mm). Although there is some variability in the data, when taken as a whole over the four observers there was no significant difference in relative torsional eye position as a function of fixation distance (repeated measures ANOVA, P\ 0.10, no significant main effects or interaction terms).
The variability in cyclovergence eye position as a function of convergence angle was also investigated. The data obtained represent the standard deviation of the difference between the torsional eye positions for the right and left eyes of each observer at each fixation distance. There were no significant differences in cyclovergence noise as a function of convergence angle (repeated measures ANOVA, P \0.05). The average cyclovergence noise (standard deviation), across all observers and fixation distances was 0.24°for the single fixation condition, representing data obtained during periods of uninterrupted fixations, 0.59°for the multiple fixation condition, representing data obtained during periods interrupted by saccades (changes in fixation at the same convergence angle), and 1.37°for the multiple run condition, representing data averaged Fig. 4 . Pedestal disparities at which the increment stereo-thresholds were a minimum, averaged across the two observers (AK and LB), are plotted as a function of eccentricity (linear-linear axes). Positive numbers represent crossed disparities and inferior visual field and negative numbers represent uncrossed disparities and superior visual field. The solid line represents the best fitting linear function for the increment stereo-thresholds. Also shown is the best fitting linear function for the nonius data at 2 m for the same two observers (dotted line).The dashed line represents the predicted result based on Helmholtz's finding of an angle of 2.5°between corresponding vertical retinal meridians.
across runs where both changes in convergence angle and fixation had occurred in between measurements. Cyclovergence noise increased under the condition where fixations were interrupted by saccades and changes in convergence angle (ANOVA, PB 0.01, Scheffe Post-Hoc Testing PB 0.05) compared to the conditions of uninterrupted fixations or fixations interrupted by saccades.
The stereo horopter, defined by the points at the minima of the exponential fits shown in Fig. 1 , is better represented when pedestal disparity (arc min) at which the increment stereo-threshold is a minimum is plotted against eccentricity (°). Shown in Fig. 4 are the stereohoropter data averaged across the two observers (LB and AK) (solid diamonds) and plotted in this way, on linear-linear axes. The solid line represents the best fitting linear function to the stereo-threshold data. The dotted line represents the best fitting linear function for the nonius data for the same two observers at the same fixation distance of 2 m. The dashed line is the predicted result based on Helmholtz's finding of a 2.5°a ngle between corresponding vertical meridians (Helmholtz, 1962) . The results from the stereo and nonius horopter experiments are in close agreement (regression model analysis, P\ 0.1), as indicated by the similarity in the slopes of the solid and dotted lines, and do not follow the result predicted by Helmholtz (dashed line). ment data and are an indication of the stability of the disjunctive torsional eye movements with fixation. The eye movement data were taken from the multiple fixation condition where steady fixation was interrupted by saccades (but not changes in convergence) because this condition was thought to most closely reflect the circumstances present during the psychophysical measurements. The error bars represent 91 S.D., averaged across all observers, in the nonius alignment task at each eccentricity. The variability in the psychophysical nonius alignment task, averaged across observers (error bars), approximates the range of cyclovergence eye movements that occurred with steady fixation (dotted lines).
Discussion
Using two criteria for determining the horopter (the 'stereo' and 'nonius' criteria), it was found, in qualitative agreement with Helmholtz (1962) , that the two vertical corresponding meridians were tilted, slightly temporalward with respect to one another, resulting in a backwards tilt of the vertical horopter. Both criteria used to determine the vertical horopter revealed a linear relationship between disparity (for best stereo performance and perceived alignment of the nonius lines) and eccentricity along the vertical meridian (Fig. 4) , suggesting that the vertical horopter is linear in the median plane and is not a curve or torus as has been proposed (Linksz, 1954) .
Increment depth discrimination thresholds increased both as a function of pedestal disparity and eccentricity. In contrast to the flattening in the slope of the increment depth discrimination function with eccentricity reported by Blakemore (1970) , the slopes of the increment depth discrimination functions in the present study were similar across eccentricity and consistent with our previous work (Siderov & Harwerth, 1995) .
Our results are not in agreement with Helmholtz and others (Nakayama, 1977; Cogan, 1979) as to the magnitude of the tilt, which was less, but similar to the magnitude found by Amigo (1974) . Some previous measurements of the vertical horopter have revealed a large declination angle between vertical corresponding meridians (Nakayama, 1977; Cogan, 1979) , even larger than that found by Helmholtz (1962) . For example, Nakayama (1977) determined the vertical horopter using the nonius criterion over a range of eccentricities in the median plane of his observers from 30 superiorly to 30°inferiorly, twice as large as the range of eccentricities used in the present study at a fixation distance of 2 m. Consequently, while the range of eccentricities used in the present study may have limited the sensitivity to detecting the variation in disparity of nonius alignment with eccentricity, the same measurements performed at 50 cm, over a larger range of eccentricities (20 superiorly to 20°inferiorly), did not produce any significant difference in the results (Fig. 2) . The psychophysical nonius results were very similar across all observers and for two observers, were in agreement with the stereo results. Therefore, while differences in methodology exist between the present study and previous empirical studies of the vertical horopter (Amigo, 1974; Nakayama, 1977; Cogan, 1979) it seems likely that individual differences are important in determining the size of the angle between vertical corresponding meridians and hence the backwards tilt of the vertical horopter. Helmholtz's (1962) prediction, which was based on purely geometric considerations that the backward tilt of the vertical horopter would decrease with nearer fixation distances, was also empirically confirmed. The declination angle between corresponding vertical meridians remained constant when the fixation distance decreased from 2 m to 50 cm (Fig. 2) , while the tilt of the vertical horopter decreased from about 12 to 3° (Table  1) . Amigo (1974) also showed that the backward tilt of the vertical horopter decreased with nearer fixation distances although he could not determine the influence of excyclotorsional eye movements on his results. In the present study, we showed that there was no significant difference in torsional eye position with fixation distance, which supports our psychophysical findings.
The measurements of the variability of cyclovergence eye movements showed that, on average, the standard deviations of the differences in torsional eye position (cyclovergence errors), across all observers and fixation distances, varied from about 0.24, for the single fixation condition, to 1.37°for the multiple run condition. When fixation was interrupted by saccades only, a condition directly comparable to results from Enright (1990), the variability was about 0.59°, larger than the standard deviation of about 0.25°obtained by Enright (1990) using a photographic method and by Van Rijn, Van der Steen and Collewijn (1994) using the search coil method. Enright concluded that cyclovergence noise created a lower limit on the ability of his observers to make precise judgements of stereoscopic depth. Our results showed that cyclovergence eye movement noise imposed a lower limit on the precision of the psychophysical alignment task (Fig. 5) . This result is in agreement with Enright's conclusions in the sense that vergence errors limit the precision with which observers make judgements of the alignment of dichoptically viewed targets, without the presence of nearby reference targets. On the other hand, the stereopsis results from the present study were quite robust to cyclovergence noise. Under conditions where fixation was interrupted by saccades only, the measured cyclovergence variability of 0.59°would have introduced about9 1.3 arc min of horizontal disparity noise at 5.0°eccentricity. The increment threshold data of the present study (Fig. 1) , and other studies (Kumar & Glaser, 1992; Siderov & Harwerth, 1995) show that relative stereoscopic depth discrimination is robust to variability in horizontal disparity produced by vergence errors of such magnitude. The discrepancy between the results of the present study and that of Enright (1990) , therefore, probably lies in the fact that the stereoscopic depth discrimination task in the present study was one of relative depth discrimination of adjacent targets, which is relatively robust to vergence noise, while the task used by Enright (1990) relied on relative stereoscopic depth discrimination of widely separated targets, which is likely to be more limited by vergence noise.
The psychophysical nonius measurements were carried out in the dark, whereas the eye movement measurements were performed in the light where there were many vertical and horizontal contours visible. If the contours visible during the eye movement measurements made a significant contribution to the cyclofusional response, then comparisons with psychophysical data obtained in darkness, where minimal contours were visible, may not be appropriate. Van Rijn et al. (1994) reported a significant difference between cyclovergence instability depending on whether measurements were obtained in the dark or with a structured background. However, with respect to the present study there are several lines of evidence to indicate that the eye movement measurements can be directly compared with the psychophysical data. Firstly, average measurements of the nonius horopter at 2 m were very similar to measurements of the stereo horopter at the same distance, even though the stereo horopter data were collected under illumination conditions where the screen and mask contours were visible (Fig. 4) . Secondly, there was no significant difference in the angle between vertical corresponding retinal meridians with fixation distance. In addition, the psychophysical errors in alignment of the nonius lines were very similar to the measured cyclovergence eye movement instability. Therefore, any cyclofusional response due to the visible contours must have been minimal and did not affect the results in any measurable way.
Based on previous work, we anticipated a mean change of between 1-3°of excyclovergence as a function of convergence angle (Hermans, 1943; Allen, 1954; Allen & Carter, 1967; Nakayama, 1983) ; however, our results revealed no significant cyclovergence as a function of convergence. Possibly, small amounts of cyclovergence were associated with convergence but may not have been measurable due to noise in the search coil technique, for example, because of coil slippage on the eye. Van Rijn et al. (1994) suggested that even under optimal conditions, search coil measurements of cyclovergence might be subject to coil slippage. They attributed a trend evident in their data of about 2-4°of in-cyclovergence to coil slippage resulting from the action of blinking on the coils. Although no such trend was evident in our recordings, a comparison of within-and between-run variances suggests that cyclovergence noise with an across-subject S.E. up to9 0.68°could, conceivably, be due to coil slippage. However, as stated above, the absence of a significant cyclovergence change is consistent with our findings that the declination angle remains constant with fixation distance and that the variability in our psychophysical nonius data match up very closely to the variability in the cyclovergence data.
Altogether, the results of these experiments demonstrate that the empirically determined vertical horopter shows a backward tilt, one that decreases with nearer fixation distances in accordance with geometrically predicted effects and not due to excyclotorsional eye movements (within the range of the measurements made). The magnitude of the tilt was not found to be as large as predicted by Helmholtz and, as a result, the normal vertical horopter does not pass through the feet of our observers, but through a point somewhere lower. Without making investigations of the horopter along both the horizontal and vertical meridians at the same time, it is difficult to conclude for certain that there is a shear in retinal correspondence along the vertical meridian. Nevertheless, the angle between corresponding vertical meridians (declination angle) remained the same across fixation distances. Far from being fortuitous, and in light of the magnitude of cyclovergence eye movement noise present during the measurements, this result strongly suggests that the vertical retinal meridians are at an angle not because of torsional eye movements, but because of a shear in retinal correspondence, as was originally proposed by Helmholtz (1962) .
